Starting from an electrical dissipative illuminated one-diode solar cell with a given model data at room temperature (I sc , V oc , R s0 , R sh0 , I max ); we present under physical considerations a specific mathematical method (using the Lambert function) for unique determination of the intrinsic electrical parameters (n, I s , I ph , R s , R sh ). This work proves that for a given arbitrary fixed shunt resistance R sh , the saturation current I S and the ideality factor n are uniquely determined as a function of the photocurrent I ph , and the series resistance , is biunivocal. This study concludes that for both considered solar cells, the five intrinsic electrical parameters that were determined numerically are unique.
Introduction
Although the electrical dissipative one diode model has a potential of improvement in the efficiency and the stability of the solar cell structure under illumination, to our knowledge the uniqueness and the authenticity of the extracted intrinsic electrical parameters associated to the model have not been studied previously.
In this work we attempt to develop this concept and prove the uniqueness of the determination of these parameters.
The one-diode model gives sufficient efficiency for earthly applications (Charles 1984) . A precise numerical method using this model was presented in the early 1980s by Charles et al. (1981; 1985) .
The use of the Lambert W-Function proposed by Corless et al. (1996) allowed demonstrating explicitly the Shokley's modified eq. (1) which is related to the equivalent electrical circuit model as shown in Figure 1 .
Where I ph is the photocurrent, n is the diode ideality factor of the junction, I s is the reverse saturation current, R s is the series resistance and R sh is the shunt resistance.
Each of these parameters is connected to the suited internal physical mechanism acting within the solar cell. Their knowledge is therefore important.
Several methods were proposed to determine the intrinsic electrical parameters: I ph ; n; I s ; R s ; R sh presented in eq. (1) of the solar cell. In particular, Jain and Kapoor (2005) established a practical method to determine the diode ideality factor of the solar cell. Ortiz-Conde et al. (2006) have used a co-content function to determine these parameters. Jain et al. (2006) determine these parameters on solar panels. Chegaar et al. (2006) have used four comparative methods to determine these parameters.
More recently, Kim and Choi (2010) have used another method to determine the intrinsic parameters of the cell by making a remarkable initialization of the ideality factor n and the saturation current I s (Kim & Choi 2010 ).
Theoretical study: problem formulation
To determine the solar cell intrinsic electrical parameters (n, I s , I ph , R s , R sh ), we put together a system of five equations (Lemma 2), and, solved by two different numerical methods. The Lambert W-function is the reverse of the function F defined from C + in C by F (W) = W e W for every W in C + . Lemma 1: The Lambert W-function was derived from eq. (1) by expressing the current I in function of the voltage V and vice-versa, as follows
We consider the following I (V) solar cell characteristics under illumination in generator convention as presented in Figure 2 .
Where I sc and V oc represent the short-circuit current and the open-circuit voltage respectively, R sh0 is the slope of the I-V curve at the (0, I sc ) point, R s0 is the slope of the I-V curve at the (V oc , 0) point and I max is the maximum power current, and I ph , I s , n, R s , and R sh are the intrinsic electrical parameters that should be determined.
In order to simplify the problem formulation, we adopt the following abbreviations X¼ I sc ;V oc ;R s0 ;R sh0 ;I max ð Þ ; Y ¼ðn;I s ;I ph ;R s ;R sh Þ From eq. (2) and at the point (0, Isc) we obtained
Idem from eq. (3) and at the point (V oc , 0) we obtained
The slope at the point (V oc , 0) of the eq. (2) we obtained
The slope at the point (0, Isc) of the eq. (2) gives
For differentiating eq. (4) and at the point (I = I max ) stems
Lemma 2: We have the following system
Proof: For I = I sc and V = 0, eq. (2) implies that f 1 (X, Y) = 0 and for V = V oc and I = 0 eq. (3) implies that f 2 (X, Y) = 0.
The differential resistances: R s0 and R sh0 lead to the following two equations: f 3 (X, Y) = 0 and f 4 (X, Y) = 0.
From eq. (4), maximal power obtained by:
In order to solve the system presented in Lemma 2 (eq. 10) and determine the intrinsic electrical parameters, a set of experimental measurements (data) were used (Table 1) .
These measurements were collected from two different solar cells under AM1 illumination (E = 1 S = 100 mW/cm 2 ) at room temperature.
Our study concerns p-n junctions at both homo-and hetero-junctions: For the homo-junction, a 4 cm 2 blue type monocrystalline silicon cell produced by SAT (1980) was used. For the hetero-junction we have used a frontwall Cu 2 S-CdS cell produced by a wet (Cleveite) process with significant losses of 4.28 cm 2 square area. Two different numerical methods were applied in order to prove their authenticity.
Numerical approach of the intrinsic parameters
Newton's method
The following function was considered
Let J F denote the Jacobian matrix defined by
So, Newton's method can be formulated as follows: For all k = 0, 1 … until convergence; we have to resolve the unknown variable Y k using the following system of equations:
, where:
In order to apply the Newton's method to this system an iterative program was developed in a MAPLE environment Monagan et al. (2003) using an accuracy of 20-digits.
It depends on the choice of the initial data Y 0 by making sure that J F (Y k ) ≠ 0 and by continuing the iteration process until a quadratic convergence is reached.
At each increment, the program performs a test between two successive iterations by assessing the Euclidean norm of their difference. The program was designed to stop the calculation when the test reaches a value smaller than the pre-set tolerance value.
Hooke-Jeeves's method
The Hooke-Jeeves method is based on numerical calculation of the minimum of a function G without the use of gradient. This method is widely used in applications with convex G. This method was used in this study to find the zero of function G (eq. 11) by minimizing in X and Y such that
We recall that G (X, Y) = 0 is equivalent to the system presented in eq. (9) which leads to the determination of the intrinsic electrical parameters.
This method has the advantage of being easily programmed except the need to calculate gradient G.
Existence and uniqueness of the solution
To determine the existence and the uniqueness of the system presented in lemma 2 (eq. 9), we use the following This determinant does not depend on I ph and is linear with I s . The R s and n dependences of the determinant are illustrated in the following figure (Figure 3) .
The minimum of the determinant in ] 0, 20
The implicit functions theorem gives the existence of a unique function B = ϕ (A) defined in U into V of class C 1 and for any (A, B) ∈ U × V, H (A, ϕ (A)) = 0. As a result the φ Jacobian matrix is given by the formula:
Þand consequently, we prove for a given arbitrary fixed shunt resistance R sh , that the saturation current I s and the ideality factor n are uniquely determined in function of the photocurrent I ph , and the series resistance R s . Experimental and theoretical results, discussion of related authenticity Tables 2 and 3 list the intrinsic electrical parameters values of the two cells determined by Newton's method and Hooke-Jeeves's.
To prove the authenticity of the model, we should calculate the current I listed as I th by the use of the obtained intrinsic parameters at different points of the I-V curves. These points are compared with the corresponding experimental current values The graphs presented in Figure 4A and B show how close the values calculated by the two used numerical methods to the experimental ones.
These figures are very sensitive to the effects of the circuit parameters with localized constants and especially to the quality of the cell. Figure 5A and B outline the absolute errors between the experimental and calculated current as a function of the cell bias voltage by the two numerical methods. Although D values of the SAT solar cell in the state of the art are weaker than those of Cu 2 S-CdS solar cell with significant losses; absolute error ( Figure 5A ) goes to a maximum at V oc -neighborhood. This maximum is weaker in the case of Newton's method, so denoting a better convergence of this method compared to Hooke's. Although in the case of the Cu 2 S-CdS solar cell with significant losses this indeterminacy on R s disappears, the calculated I-V curves show a better convergence of Newton's method.
Conclusion
In this study a simple and specific method (without approximations) was proposed to extract intrinsic electrical parameters of the one-diode solar cell model under AM1 illumination (1S).
The proposed approach includes parasite and dissipative elements such as series resistance R s and shunt resistance R sh .
The use of the Lambert W-function has allowed to express explicitly the current I as a function of the voltage V from the modified Shockley's eq. (1).
However, it is important to highlight that the proposed method is valid for all measured I-V characteristics under any illumination intensity.
The implicit functions theorem was used to demonstrate the uniqueness of the solution. The physical considerations of the problem have also been taken into account. This procedure has proved the uniqueness of the solution.
Two different numerical methods: Newton's method and Hooke-Jeeves's were used to determine these parameters and reconfirm the uniqueness of the solution.
To prove the authenticity of this extraction method, two different types of solar cell structure were used: a SAT monocrystalline silicon homostructure in the state of the art, and a frontwall Cu 2 S-CdS heterostructure with significant losses.
Moreover, as MATLAB has limitations toward large numbers manipulation (≥ exp (100)), MAPLE software was selected for this calculation.
For the two cell types, both used numerical methods converge in each of cases, towards two series of theoretical results with relative accuracy about 3% in the case of the weak series resistance. 
